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Abstract. In recent years, additive manufacturing with highly design customization has gained an important technique 
for fabrication in aerospace and medical fields. Despite the ability of the process to produce complex components with 
highly controlled architecture geometrical features, maintaining the part’s accuracy, ability to fabricate fully functional 
high density components and inferior surfaces quality are the major obstacles in producing final parts using additive 
manufacturing for any selected application. This study aims to evaluate the physical properties of cobalt chrome 
molybdenum (Co-Cr-Mo) alloys parts fabricated by different additive manufacturing techniques. The full dense Co-Cr-
Mo parts were produced by Selective Laser Melting (SLM) and Direct Metal Laser Sintering (DMLS) with default 
process parameters. The density and relative density of samples were calculated using Archimedes’ principle while the 
surface roughness on the top and side surface was measured using surface profiler. The roughness average (Ra) for top 
surface for SLM produced parts is 3.4 µm while 2.83 µm for DMLS produced parts. The Ra for side surfaces for SLM 
produced parts is 4.57 µm while 9.0 µm for DMLS produced parts. The higher Ra values on side surfaces compared to 
the top faces for both manufacturing techniques was due to the balling effect phenomenon.  The yield relative density for 
both Co-Cr-Mo parts produced by SLM and DMLS are 99.3%. Higher energy density has influence the higher density of 
produced samples by SLM and DMLS processes. The findings of this work demonstrated that SLM and DMLS process 
with default process parameters have effectively produced full dense parts of Co-Cr-Mo with high density, good 
agreement of geometrical accuracy and better surface finish. Despite of both manufacturing process yield that produced 
components with higher density, the current finding shows that SLM technique could produce components with smoother 
surface quality compared to DMLS process with default parameters.  
INTRODUCTION 
In recent years, additive manufacturing techniques gained growth in producing complex and end use product that 
was impossible to manufacture by conventional process [1, 2]. Nowadays, additive manufacturing is employed by 
many researchers for manufacturing individual customization or patient-specific orthopaedic implants [3-6]. Despite 
different naming of process such as Selected Laser Melting (SLM) and Direct Metal Laser Sintering (DMLS), 
additive manufacturing methods fundamentally share the same approach where the starting point is three-
dimensional (3D) computer-aided design (CAD) model that is generated then virtually sliced into thin layers 
depending on selected methods [7].   
SLM and DMLS are two types of precision forming technologies from additive manufacturing which are 
suitable for producing metal parts with complex structures. The forming process of SLM and DMLS are operated in 
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an inert gas chamber where a laser scans the loose metal powder supplied by a powder spreader according to desired 
designed paths [8]. Thus the solid parts formed by metallurgical bonding of the metal powder layer by layer from 
bottom to top direction. The complete use of powder material with high cost effectiveness means that the non-
melted powder can be sieved and used again [9].  
From the past century, cobalt chrome molybdenum (Co-Cr-Mo) alloys are consumed for major metallic 
biomaterial in dentistry, high-strength total joint replacements and cardiovascular prostheses due to their excellent 
corrosion resistance and fracture toughness [10]. Since metallic biomaterials are designed to be applied in intimate 
contact with human tissue, the manufactured components from the biomaterial are essential to be inert or 
biocompatible, so they do not cause any harmful effect and reduce the immune respond to the minimum [11, 12]. 
The ideal requirements must be fulfilled by additive manufacturing such as Selective Laser Melting (SLM) or Direct 
Metal Laser Sintering (DMLS) to turn these methods as the fabrication processes in selected application such as 
orthopaedic implants.  
The produced components have to meet strict material requirements regarding the outcomes of mechanical and 
clinical properties. Thus, additive manufacturing must guarantee the high accuracy and appropriate surface 
roughness with the desired end products in the selected application. Leban et al., (2014) [13] investigated the 
influence of surface roughness on material corrosion where the surface roughness can affect the growth of the thin 
passive layer that acts as barrier to reduce corrosion. Mumtaz et al., (2009) [14] found that increasing repetition rate 
of process parameters will reduce top surface roughness due to centres of individual spherical masses becoming 
closer together subsequently reducing variation in top surface profile. Mat Taib et al., (2016) [15] performed the 
dimensional accuracy of Co-Cr-Mo with variation volume porosity and reported that the shrinkage of parts of higher 
surface area will have the high amount of shrinkage compared to parts that have the lower surface area (full dense 
parts). This phenomenon resulted is due to high temperature melting and solidification of metallic powder that 
caused corrugation of the produced parts with minor geometric irregularities from original desired models [16]. 
This paper aims to investigate the effect of different default process parameters on Selective Laser Melting 
(SLM) and Direct Metal Laser Sintering (DMLS) that produced solid samples made from Co-Cr-Mo powder. The 
geometrical dimensional measurement, surface roughness measurement and relative density of the produced parts 
were investigated. This work also discussed the effect of energy density on the quality of produced sample by both 
SLM and DMLS techniques.  
EXPERIMENTAL 
Material and Method 
In this study, the components are made from Co-Cr-Mo ASTM F75 powder. The commercial medical graded 
powder of Co-Cr-Mo alloys for this study is produced by gas atomization process which leads to the particles in 
spherical shape with small amount of interstitial impurities. Table 1 summaries the chemical composition of Co-Cr-
Mo powder compared with chemical composition for medical graded standard based on Energy Dispersive X-ray 
(EDX) analysis. The average particle size for SLM powder is 22 µm while 25 µm for DMLS powder. The powder 
has a narrow particles size distribution and nearly spherical shape with smooth surfaces which lead to good 
flowability.  
 
TABLE 1. Co-Cr-Mo powder element composition (weight %). 
Element Co Cr Mo Si Mn Fe Ni 
Standard (%) 60-65 26-30 5-7 1.0 1.0 0.75 0.1 
EDX (%) 61 30 5 0.6 1.0 1.0 0.1 
 
The CAD model built using SolidWork 2013 is based on full dense rectangular shape with dimension of (12 
12 15) mm. The CAD model was converted into STL file format and then exported into Materialise Magics 17.01 
software. The CAD model was then positioned on the platform substrate, and sliced files were generated to enable 
physical sample fabrication process by SLM. The replication number is n=3 for every manufacturing process for 
experimental purposes.   
The components were produced using SLM® 125HL and DMLS EOSINT M280 machine. The powder was 
manually sieved for DMLS process. Both processes work in an inert gas environment. The SLM process is carried 
out in a closed chamber, continuously flushed with argon with purity of 5.0 % while the DMLS was flushed with 
100001-2
nitrogen to reduce the oxygen level for preventing oxidation and contamination of produced parts. All parts were 
built on a steel base plate and then detached using wire Electrical Discharge Machining (wire-EDM). Four main 
significant process parameters are recorded in this study such as laser power, layer thickness, scan speed and 
hatching space are summarized in Table 2.  
 
TABLE 2. Process parameter of SLM and DMLS processes. 
Machine 
Model 
Laser 
power (W) 
Laser scan 
speed (mm/s) 
Hatch 
spacing (mm) 
Layer 
Thickness (µm) 
Chamber 
atmosphere 
Energy density 
(J/mm3) 
SLM
®
 
125HL 
300 700 0.12 30 Argon 119.05 
DMLS 
M280 
195 800 0.10 20 Nitrogen 121.88 
 
These factors determined the energy supplied by laser beam to a volumetric unit of material powder, defined as 
energy density. Energy density has a large influence on density measurement of produced part. A high energy input 
mostly leads to a higher density of the parts but also yield high residual thermal stresses of produced components. 
The energy density of both manufacturing process is calculated using equation (1).  
   
Energy density =
Power laser
scan speed × hatch space × layer thickness
                                                                             (1) 
 
Surface roughness measurement was performed using surface roughness profiler MarSurf PS1. As in 
dimensional analysis, this analysis was conducted on two critical surfaces; top vertical (TV), top horizontal (TH), 
side horizontal (SH) and side vertical (SV) faces. Two different directions were selected to measure the values for 
roughness average (Ra) and single roughness depth (Rz) that is on horizontal and vertical direction as illustrated in 
Figure 1 and Figure 2. For every measurement, ten dimensional values were measured at random point and the 
average values of Ra and Rz were calculated. Ra and Rz values are measured with a cut-off length of 5.6 mm 
according to DIN EN ISO 4287 standard.  
The density of the fabricated Co-Cr-Mo parts was measured according to Archimedes’ principle. The relative 
density was calculated by the ratio of density of the fabricated parts to the density of Co-Cr-Mo alloys. The 
calculation of measured density and relative density is as equation (2) and (3) where the density of water is 1g/cm
3
 
and the theoretical density is 8.29 g/cm
3
. 
 
Density, ρ =  
 water density  mass in air
mass in air − mass in water
                                                                                                                     (2) 
 
Relative density (%) =
measured density
theoretical density
                                                                                                                   (3) 
RESULTS AND DISCUSSIONS 
Measured values for Ra and Rz are shown in Figure 1 and Figure 2. Figure 1 shows the Ra values for top surface 
that are lower than the values on the side surfaces for both SLM and DMLS techniques. Ra values for top vertical 
(TV) for SLM produced parts is 3 µm while 2.45 µm for DMLS produced parts and for top horizontal (TH) of SLM 
produced parts is 3.8 µm while 3.2 µm for DMLS produced parts. Ra of the side surface in side vertical (SV) 
direction for SLM parts is 4.17 µm while 8.5 µm for DMLS parts. Ra for the side horizontal (SH) direction is 4.96 
µm for SLM parts while 9.5 µm for DMLS parts. The results clearly showed that Ra values for top surface is lower 
for DMLS produced parts compared to SLM produced parts. On the other hand, Ra values for side surfaces for 
DMLS is higher than SLM produced parts. Ra values on side surfaces are higher than Ra values on top surfaces 
according to build direction due to stair-step effect which is stepped approximation by layers of curved and inclined 
surfaces. This effect is present in manufacturing process as a consequence of additive deposition or fabrication 
layers by layers as in additive manufacturing techniques.  
Figure 2 shows the results of Rz for top vertical, top horizontal, side horizontal and side vertical direction of Co-
Cr-Mo produced parts using SLM and DMLS technologies. The Rz value for top vertical (TV) of SLM produced 
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parts is 15.03 µm while 10.5 µm for DMLS produced parts and for top horizontal (TH) of SLM produced parts is 
18.2 µm while 19.25 µm for DMLS produced parts. Meanwhile, the Rz values for side vertical (SH) for SLM 
produced parts is 20.66 µm while 46 µm for DMLS produced parts. The Rz values for side horizontal (SH) for SLM 
produced parts is 23.43 µm while 49 µm for DMLS produced parts.  
Alrbaey et al., (2014) [17] suggested the most considerable factor effects on the surface finishing during additive 
manufacturing process such as those factors of the laser power, scan speed, hatch spacing, focus distance, beam 
diameter, scanning strategy and environmental. Apart from these factors, the hatch spacing has a major effect on the 
surface texture in the liner region. The decreasing hatch spacing for DMLS (0.1 mm) generally increases the 
overlapping of laser spots which decreases the variation in the surface profile and leads to an enhancement in the 
surface finish of the top surface of the DMLS produced parts compared to SLM produced parts. Applying low scan 
speed and laser power might improve the smoothness of top surface. 
 
 
 
FIGURE 1. Roughness average (Ra) values of surface roughness with selected measurement direction. 
 
 
 
FIGURE 2. Roughness depth (Rz) values of surface roughness with selected measurement direction. 
 
The low parameters encourage the moderation of melt pool as there would be sufficient time for the forces by 
gravity and surface curvature to neutralised the stress inside the molten pool caused by temperature gradient during 
manufacturing process [18]. This condition will allow the melt pool to flatten before its complete solidification and 
consequently eliminate the roughness of the top surface. However, it was found that reducing laser power and hatch 
100001-4
spacing for DMLS might widen the melt pool and increase the inhomogeneity of the thermal properties and surface 
tension across the pool [19]. This phenomenon is known as balling effect which results in poor side surfaces finish 
of DMLS produced parts [14]. Figure 3 shows the SEM images of side surfaces along the build direction of DMLS 
produced parts where the humps of insufficient melted powders particles were located.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3. SEM image of DMLS produced part on the side surface. 
 
The measured density and relative density of fabricated Co-Cr-Mo parts are shown in Table 3 below. From the 
table, the relative density for both Co-Cr-Mo parts produced by SLM and DMLS are 99.3 %. It  indicates that the 
produced Co-Cr-Mo parts held a low porosity of 0.7 % which this may have developed as a consequence of balling 
formation and entrapment of gas in melting powder mass [20]. A high energy input during manufacturing process 
has influence and leads to a higher density of the produced parts. A reduction of porosity in the manufactured parts 
due to increased energy density, results in a higher attained temperature of melted powder and therefore promotes an 
improved interlayer connection between layers in sample parts.   
 
TABLE 3. The relative density of SLM and DMLS of Co-Cr-Mo produced parts. 
Machine Relative density (%) Energy density (J/mm
3
) 
        SLM 99.3 119.05 
        DMLS 99.3 121.88 
CONCLUSIONS 
This current study determines the accuracy, achievable surface roughness and relative density between SLM and 
DMLS manufactured solid parts made of Co-Cr-Mo. The manufacturability, surface finish evaluation and density of 
Co-Cr-Mo were taken into account for evaluation for SLM and DMLS manufacturing techniques. Both production 
techniques obtained good geometrical agreement. The balling effect has been shown to directly affect mainly for 
DMLS produced parts on the side surface roughness. The balling effect occurs in an attempt to reduce the surface 
tension differences within the melt pool on along the laser scanning track on during manufacturing process. The 
energy density supplied for SLM and DMLS gives the ability to fabricate fully functional, high density parts with 
high geometric freedom of produced Co-Cr-Mo parts.  
Insufficient melting 
  
Partially melted powder 
Flat surface 
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